Shear sensitivity measurements with variation of ingredients in a synthetic sludge can be related to biosolids' structural properties and particulate amount. The shear sensitivity is primarily controlled by the gel fraction, with alginate and the associated cations increasing the gel-like behavior. However the effect of particulate fraction on shear sensitivity should also be taken into account. Shear sensitivity is thus a complex parameter including two types of response: the resistance to dispersed mass concentration into centrate, and the maintenance of desired strength while the solids concentration increases in the shear field.
Introduction
As dewatering technologies are trending towards increased shear application, it becomes crucial to understand exactly how a given sludge will respond. This is because the efficiency of most dewatering devices-from vacuum filters to high torque centrifugesare strictly reliant on the structure of biosolids. For example, the alteration of sludge structure via enzyme addition may result in significant differences in shear sensitivity (Dentel and Dursun, 2006) . Defining the sludge structure carefully will be a useful tool to envisage the shear sensitivity and finally the performance of the solid-liquid separation process.
Biosolid flocs are complex aggregates consisting of colloids, microorganisms, extracellular polymeric substances, inorganic particles, cations and large quantities of water (Li and Ganczarczyk, 1990; Mikkelsen, 1999) . The traditional biosolids model then simplifies this picture into one with charged rigid and uniform spheres suspended in water. More recent researches, however, have adopted a new approach, in which biosolids are considered to be gels (Poxon, 1996; LeGrand et al., 1998) . This newer conceptual model has been found essential to explain some aspects of conditioning and dewatering, but it has not been related to shear sensitivity. In fact, the way that any biosolids will respond to shear might be determined by either its gel or particulate properties -or perhaps both.
The objective of this research was to relate the structural (particulate) and gel (polymeric) fractions in biosolids to its shear sensitivity. Synthetic slurries prepared from alginic acid, cellulose, yeast and some cations were used to simulate real sludge samples, since the particulate and gel fractions in this slurry can easily be altered. The variation of shear sensitivity was then observed relative to the change of the components in the synthetic slurry.
in response to the amount of shear applied, i.e. the greater the applied shear, the smaller the particle size. But typically, this information is used neither to indicate the amount of free particulate material that will be released, nor the physical structure of the biosolids during the dewatering processes. Instead of dealing with particle size, Mikkelsen and Keiding (2002) have suggested a standardized shear sensitivity test for activated sludge that defines the primary particle concentration in terms of turbidity. This test is based on the adhesion-erosion (A-E) model developed by Mikkelsen and Keiding (1999) to describe the effects of solids content and turbulent shear on sludge deflocculation. Dispersed mass concentration for varying total solids content for a given shear rate is defined by the equation
where m T is the total solids mass concentration, m d,1 is the equilibrium dispersed mass concentration, m a,max is the maximum mass concentration and K m is the equilibrium constant for the adhesion of primary particles to sludge flocs. From this model they developed a "shear sensitivity" parameter k ss for a fixed turbulent shear rate:
This parameter successfully relates to filterability, rheology and surface chemistry (Mikkelsen, 2001) . Mikkelsen and Keiding (1999) then adopted the diffusion model by Crank (1975) to activated sludge desorption. A simplified diffusion model based on first order kinetics was used by Wahlberg et al. (1994) and Mikkelsen et al. (1996) . At a specified shear rate, dispersed mass concentration vs. time data were fit to Equation 3:
where m d,t is the dispersed mass concentration at time t, m d,0 and m d,1 are dispersed mass concentration initially and at equilibium, respectively. N is an integer and D is an effective diffusion constant. The effect of shear can be investigated by fitting Equation 3 to data, estimating m d,1 and hence calculating k ss as given in Equation 2.
Methods

Preparation of synthetic slurry
Standard synthetic surrogate was prepared by using alginate, microcrystalline cellulose, fresh yeast, calcium and potassium salts according to the methods described by Dursun et al. (2004) . The amounts of the components were altered depending on the objective of the work. For the standard surrogate, 16.6 g cellulose and 7.3 g yeast were added into 540 mL 0.5% alginic acid solution. 169 mL distilled water was then included and the suspension gently stirred by magnetic stirrer for two hours. 2 M 91 mL KCl solution was then stirred into the sludge with a paddle stirrer at 300 rpm for 2 minutes, followed by 0.05 M 200 mL CaCl 2 with 3 minutes stirring at 500 rpm. The solid content of the final slurry was around 20 g/L.
Analysis of physical chemical properties
Total solid content (TS) of synthetic sludges were analyzed according to APHA et al. (1995) . Turbidity was determined after centrifugation of samples at 3000 rpm for 2 min, D. Dursun and S.K. Dentel 76 using a Hach 2100P turbidimeter, reported in Nephelometric Turbidity Units (NTU). Zeta potentials of samples were measured at least three times with a ZetaSizer NanoZS (Malvern Instruments). Filterability was evaluated by measuring the capillary suction time (CST-Venture Innovations) a minimum three times (APHA et al., 1995) . This test measures the time required to produce a reference volume of filtrate extracted by capillary action.
Shear sensitivity
Floc strength measurements were carried out as proposed by Mikkelsen and Keiding (2001) . The sludge is sheared at a pre-determined shear rates (800G) in a baffled reaction chamber. The dispersed mass concentration is then determined by measuring the turbidity. The degree of sludge dispersion was characterized by the shear sensitivity parameter k SS as defined by Mikkelsen (2001) . The colloid content at equilibrium for a given shear test was estimated by fitting data to Equation 3. The shear sensitivity was then estimated by Equation 2.
Rheological analyses
Shear sensitivity was also assessed using a dynamic rheological method of determining yield stress, which has previously been related to network strength (Yen et al., 2002) . Strain (amplitude) sweep tests at 1 Hz were used, while varying structural and gel fractions of slurries, using an Anton Paar Physica MCR 500 dynamic mechanical rheometer coupled with US200 software. A CP 50 2 2 cone and plate sensor was used, with 49.94 mm diameter, 28 cone angle, and 0.05 mm gap. The temperature was maintained constant at 25 8C by Peltier control. The product of the complex modulus on the plateau and the deformation above which the linear domain ceases gives the yield stress as described in Ayol et al. (2006) .
Results and discussion
Experiments allowed the A -E Model to be assessed. Figure 1 shows fitting results according to Equation 3 using Sigmaplotw nonlinear regression. Shearing effects on the dispersed mass concentration were essentially complete within 120 minutes so shearing times were limited to 2 hours. The nonlinear regressions also gave the model parameters m d,1 and D as given in the following sections for various synthetic surrogates. Regression coefficients (R 2 ) for the regressions are also tabulated. Values of m d,1 with varying alginate content, as estimated from the model, are given in Table 1 . Using the model and Equation 2 gave the shear sensitivity results (k ss ) shown in Figure 2 . The percentage of alginic acid used in formulating a synthetic sludge was found to be the major determinant in its gel-like behavior and shear sensitivity. A small percentage greatly increased shear sensitivity, but all further increases in alginic acid lessened the shear sensitivity of the samples. The slurry that was prepared without alginate addition (0%) also had low shear sensitivity (,0.01); this slurry did not exhibit gel-like behavior and solids readily separated from the liquid phase. This led to fewer solids in the centrifuged supernatant and a low dispersed mass. Table 2 shows that alginate content was also related to zeta potential. Increased alginate fractions gave less negative zeta potentials. In accordance to DLVO theory, more neutral zeta potentials also resulted in stronger samples that were more stable and resistant to shear ( Figure 3 ). But, although shear sensitivity (k ss ) correlated with initial CST, samples with high k ss values actually gave low filterability (high CST values). A weaker structure may leads to floc disruption, structural collapse, and clogging. A moderate connection between yield stress and shear sensitivity is also suggested in Table 2 . Actually, high shear sensitivity occurred only with very negative zeta potentials, with nearly constant, low shear sensitivity for all zeta potential values approaching neutrality. Curiously, more negative zeta potentials and higher shear sensitivities were associated with higher yield stresses.
Effect of cellulose content
Variation of cellulose content was the main parameter to change the solid content of synthetic surrogate. Dispersed mass concentrations were raised with increased cellulose addition (Table 3) . Increasing solid content formed stronger network with alginate and other cations in the system, hence leading to more shear resistant surrogates (Figure 4) .
The relationship between shear sensitivity and cellulose content was reasonably linear, decreasing from 0.05 to 0.02. Cellulose has a negative zeta potential (Dentel and Gossett, 1987) , thus surrogate zeta potentials decreased with increasing cellulose. Zeta potentials were moderately related to shear sensitivity, but Figure 5 shows that shear sensitivity increased with more neutral zeta potentials, unlike the results from alginate variation.
These results suggest that the charge content of the slurry was not the governing factor in determining shear sensitivity. This is confirmed by the weak correlation of CST values to zeta potential (Table 4 ). The physical effects of cellulose were apparently more important, with strong effects on all measured parameters. Without any cellulose present, the slurry was a mix of alginate, cations and small amount of yeast-essentially a pure hydrogel with notably low filterability. As particle concentration increased with increasing amount of cellulose, a network of particles was formed by increased number of particle interactions and yield stress increased (from 0 to 7 Pa). correlations obtained between the parameters. Increasing slurry yield stress was notably correlated with increased shear resistance. Table 5 gives the model fitting parameters for variation of yeast content in the surrogate sludge. The estimates of m d,1 with addition of yeast were very similar with only insignificant variation. When yeast was added to surrogates, m d,1 slightly increased whereas there was no variation of k ss . Figure 6 gives the relationship between the estimates of k ss -fluctuating between 0.018 and 0.029-and yeast amount. On the other hand, as the zeta potential slightly increased, k ss decreased resulting in shear resistant surrogates at less negative zeta potentials (Figure 7) . The correlation coefficients are shown in Table 6 . The most significant relationship was the increase of yield stress as a function of yeast addition. However, the obtained yield stress values were relatively low (between 0.5-1.2 Pa), hence it was difficult to make a conclusion with this data set. As with the previous results, the predominant factor is simply the addition of the solids themselves. Table 7 gives the effect of the monovalent to divalent (M/D) cation ratio on estimates of m d,1 . The M/D value (as well as the overall ionic strength) was increased with the addition of KCl into the slurry. As the M/D ratio increased, samples showed a higher dispersed mass concentration and estimated k ss values were also increased from 0.003 to 0.01 (Figure 8 ). Although addition of KCl ions into the slurry caused more shear sensitive samples, the estimated k ss values were still lower than the ones estimated for cellulose and yeast variation. Figure 9 indicates a close to linear relationship between zeta potential and shear sensitivity (R 2 ¼ 0.865). This relationship is similar to that with cellulose addition. The zeta potential of samples became less negative with an increasing M/D ratio, probably due to double layer compression effects. This destabilization might be expected to flocculate and strengthen the solid phase, but shear sensitivity was also elevated, suggesting that the monovalent ions weaken, rather than strengthen, the sludge matrix. Table 8 provides correlation coefficients between the experimental parameters. Filterability was decreased with increasing doses of KCl which is in accordance to dispersed mass findings. The relationship between the yield stress and shear sensitivity is as expected, with shear sensitive samples at low yield stress and shear resistant samples at higher yield stress.
Effect of yeast content
Effect of monovalent/divalent ratio by KCl addition
Effect of divalent/monovalent ratio by CaCl 2 addition
CaCl 2 was added into the surrogate sludge in order to increase the divalent/monovalent (D/M) ratio. Ca ions were found to be crucial in forming a gel with alginate: in the absence of Ca ions, the synthetic surrogate was a cloudy, milky homogenous solution without binding between cellulose, yeast and alginate. Thus solid/liquid separation occurred readily and the dispersed mass concentration was also low. Addition of small amount of Ca formed a strong gel network with the alginate system, leading to high dispersed mass concentrations and high k ss values. (Table 9 ). Increasing the D/M ratio decreased the zeta potential linearly, again attributable to double layer compression. As can be seen in Figure 11 , the tendency observed for D/M ratio variation was similar to changes accompanying the M/D ratio. The k ss values were relatively low until a zeta potential of 2 20 mV, after which k ss was elevated. Only the sample without additional Ca ions was out of this pattern since the lowest zeta potential, shear sensitivity and yield stress were measured for that sample. Based on Table 10 the most significant linear relationship is between zeta potential and the ratio of D/M. Filterability was also enhanced after D/M ¼ 0.1. Yield stress was increased with increasing D/M ratio and the for the high yield stress values shear sensitivity was low whereas at small yield stress values the shear sensitivity was high.
This confirms that Ca ions were more effective than K ions in formation of the network structure since yield stresses obtained for Ca addition were higher than with K ions although the ratio was kept the same (Table 11 ).
Conclusions
Shear sensitivity measurements with variation of ingredients in a synthetic sludge showed important effects. The alginate content, in addition to Ca þ2 and K þ ions formulating the surrogate sludge, were found to be the major components that alter shear sensitivity. These results indicate that the shear sensitivity is primarily controlled by the gel fraction, with alginate and the associated cations increasing the gel-like behavior. However, the particulate fraction effects on shear sensitivity should also be taken into account since a linear increase was observed between cellulose amount and shear sensitivity. Shear sensitivity is thus a complex parameter including two types of responses: a resistance to dispersal of eroded or fractured material into the filtrate or centrate, and also maintenance of desired strength while the solids concentration increases in the shear field. Although alginate is not a constituent in actual biosolids, the importance of gel behavior itself in influencing dewaterability is suggested as a valid generalization.
